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ABSTRACT: Two bismuth oxalates, namely, Bi2(C2O4)3·7H2O
and Bi(C2O4)OH, were studied in terms of synthesis, structural
characterization, particle morphology, and thermal behavior under
several atmospheres. The oxalate powders were produced by
chemical precipitation from bismuth nitrate and oxalic acid
solutions under controlled pH, then characterized by X-ray
diﬀraction (XRD), temperature-dependent XRD, IR spectroscopy,
scanning electron microscopy, and thermogravimetric diﬀerential
thermal analyses. New results on the thermal decomposition of
bismuth oxalates under inert or reducing atmospheres are
provided. On heating in nitrogen, both studied compounds
decompose into small bismuth particles. Thermal properties of the
metallic products were investigated. The Bi(C2O4)OH decom-
position leads to a Bi−Bi2O3 metal−oxide composite product in which bismuth is conﬁned in a nanometric size, due to surface
oxidation. The melting point of such bismuth particles is strongly related to their crystallite size. The nanometric bismuth melting
has thus been evidenced ∼40 °C lower than for bulk bismuth. These results should contribute to the development of the oxalate
precursor route for low-temperature soldering applications.
■ INTRODUCTION
The properties of nanoparticles and nanomaterials have been
attracting the attention of physicists, chemists, and engineers
since long ago. The increase of surface-to-volume ratio as the
particle size shrinks enhances the surface properties.1 The
melting-point depression phenomenon is known to be resulting
from the higher surface energy of small nanoparticles. This
eﬀect was predicted a long time ago by Pawlow2 and ﬁrst
studied by Takagi3 on various metal thin ﬁlms (Pb, Sn, and Bi).
Although low melting can be an issue for some applications of
nanomaterials, this property is promising to oﬀer answers to
electronic packaging challenges. It is identiﬁed as a way to lower
the joining process temperatures.1,4 On the basis of this
concept, a new kind of assembly method for power electronics
was formerly developed with silver oxalate as a precursor for
high thermal conductivity sintered silver interfaces.5,6 The
thermal decomposition of the silver oxalate into metal
nanoparticles with a high propensity for sintering allows a
low-temperature joining process. With the will to broaden the
oxalate precursor route for low-temperature soldering, several
compounds other than silver oxalate were studied. Relying on
the various alloying elements that are considered in the
development of lead-free soldering technology (Ag, Cu, Bi, Sn,
In, Sb, Zn, ...),7 the controlled thermal decomposition of
bismuth oxalates into metallic bismuth particles was inves-
tigated in the present work. Bismuth is a low melting-point
metal (Tm = 271.4 °C
8) the use of which in electronic
packaging has been accentuated by needs for Restriction of
Hazardous Substances (RoHS, European Union directive)
compliance. Because of these health and environmental
concerns, the low toxicity of bismuth makes it attractive and
seriously considered as a replacement for lead in electronic
devices.9,10 Pure bismuth is known for its brittleness, high
electrical resistivity, and low thermal conductivity.10 It is also
known for lowering the melting point of the metals it is alloyed
with, so bismuth is mostly used as an alloying element in
soldering applications. Low-melting (138 °C) tin−bismuth
eutectic is appreciated for low-temperature assemblies. Bi-based
alloys are also candidates for lead-free high-temperature
applications: BiAg,11 BiSbCu,10 and BiCuSn.12
Numerous studies focused on the synthesis and the thermal
decomposition of bismuth oxalates in the last decades. The
thermolysis in air of Bi-containing mixed oxalates proved to be
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a promising chemical route for the preparation of high-Tc
superconducting oxides13−15 and ferroelectric materials.16,17
Bismuth carboxylates have been used as precursors for the
formation of bismuth−molybdate catalysts.18,19 Various bis-
muth oxalate precursors were also studied for the synthesis of
bismuth oxide with controlled morphology for photocata-
lytic20,21 and electrochemical applications.22 Several bismuth
oxalate crystal structures have been described. The ﬁrst ones
reported were the compounds Bi2(C2O4)3·7H2O and
Bi2(C2O4)3·H2C2O4
23 (JCPDS 38−0548 and 38−0549).
Others reﬁnements were more recently performed, and the
formulas were revised to lead, respectively, to Bi2(C2O4)3·
8H2O
24 and Bi2(C2O4)3·6H2O
24,25 (ICSD 281570 and
281571). Tortet et al.26 described the synthesis, the crystal
structure reﬁnement from XRD powder data, and the thermal
behavior in air of three diﬀerent bismuth oxalates: Bi2(C2O4)3·
7H2O, Bi2(C2O4)3·6H2O, and Bi(C2O4)OH. The third one is
the object of very recent studies,27−30 as bismuth-containing
compounds are considered as a novel type of photocatalytic
materials.31,32 Its crystal structure was described by Rivenet et
al.33 from single-crystal data (ICSD 419313).
Although the interest of metal−organic decomposition route
to produce metals has already been stated,34−37 the thermal
behavior of bismuth oxalates, to our knowledge, was mainly
studied in air to produce bismuth oxide. In older investigations
on the thermal decomposition of various metal oxalates,
Dollimore et al. reported results of thermal studies on a
commercial sample of bismuth oxalate to which the formula
Bi2(C2O4)3·4H2O was ascribed. The decomposition reaction
was found to be endothermic,38 and the decomposition product
in nitrogen was a mixture of bismuth and bismuth oxide.39
Monnereau et al.40 performed analyses under vacuum and
decomposed Bi2(C2O4)3·7H2O and Bi2(C2O4)3·6H2O into
bismuth and a third compound Bi(C2O4)OH into a mixture
of metal and oxide.
In this paper, the results of a study on two diﬀerent bismuth
oxalates, namely, Bi2(C2O4)3·7H2O and Bi(C2O4)OH, are
presented. The oxalate powders were synthesized and
characterized to understand the inﬂuence of the atmosphere
on their thermal behavior and their decomposition products.
The conditions of the production of bismuth particles and their
thermal (melting and solidiﬁcation) properties were inves-
tigated.
■ EXPERIMENTAL SECTION
Bismuth salt Bi(NO3)3·5H2O (Acros Organics, 98%) and oxalic acid
H2C2O4·2H2O (VWR, 99.5%) were used as starting materials for the
synthesis of bismuth oxalates. According to the procedure described by
Tortet et al.,26 bismuth nitrate was dissolved in molar nitric acid, and
oxalic acid was dissolved in water. The respective solution
concentrations were 0.2 M and 0.3M. Both solutions were slowly
added to a pH-controlled aqueous solution. The pH of the reaction
mixture was adjusted before and during the precipitation, as
appropriate, with hydrochloric acid or ammonia. The precipitation
occurred under constant stirring (250 rpm). The white powders were
ﬁltrated after 1 h of aging and then washed with ethanol and dried
under air at room temperature. Below pH < 1 and with 10% excess of
oxalic acid solution, oxalate sample was called OxBi(1). With pH > 7
and 10% excess of bismuth nitrate solution, oxalate sample was called
OxBi(2).
The oxalate powders and their thermal decomposition solid
products were observed by scanning electron microscopy (SEM)
using a JEOL JSM-6510 LV (SEM, 20 kV) and a JEOL JSM-7800F
(ﬁeld-emission guns−scanning electron microscopy (FEG-SEM), 5
Figure 1. XRD patterns, IR spectra, and SEM images of OxBi(1) (a, c, e) and OxBi(2) (b, d, f). Bismuth oxalate XRD patterns were indexed:
Bi2(C2O4)3·7H2O: (+) ref 26 and (°) lines indexed by calculation; Bi(C2O4)OH: (∗) refs 26 and 31.
kV). Phase detection was performed by X-ray diﬀraction using a
Bruker D4 Endeavor diﬀractometer. Temperature-dependent X-ray
diﬀraction (TDXRD) measurements were performed with a Bruker
D8 diﬀractometer in air or nitrogen ﬂow. The samples were heated in
an Anton Paar HTK 1200N heating chamber with a heating rate of 2
°C/min. The temperature values were corrected in the TDXRD data
after a calibration performed with the bulk melting measurement of tin
(Tm = 232 °C) and bismuth samples (Tm = 271 °C). The
diﬀractometers were both equipped with a one-dimensional (1D)
LynxEye detector (λCuKα1,2, scan step increment = 0.02°, counting time
= 0.13 s/step). Bismuth particle sizes were estimated by using the
Scherrer equation.41,42 The Bi (104) diﬀraction line broadening was
measured with full width at half-maximum (fwhm), and the
instrumental broadening was determined with standard Al2O3 sintered
discs (corundum, NIST SRM 1976). For the Scherrer constant, the
typical value of 0.9 was used. The oxalates infrared spectra were
recorded (4000−600 cm−1) using a Nexus Thermo Nicolet
spectrometer. Thermogravimetric diﬀerential thermal analyses coupled
with infrared spectrometry (TG-DTA-IR) were performed in several
atmospheres (air, nitrogen, hydrogen) with a heating rate of 2 °C/min
on a Setaram Setsys Evolution analyzer. The gases produced by oxalate
decomposition were collected at the thermobalance outﬂow, and then
the CO2 infrared signal was measured using a Thermo Scientiﬁc
Nicolet iS10 spectrometer.
■ RESULTS AND DISCUSSION
Bismuth Oxalates Structural and Morphological
Characteristics. XRD powder analysis allowed to conﬁrm
the crystal structures and formulas of OxBi(1) and OxBi(2)
samples. Both bismuth oxalate XRD patterns were identiﬁed
(Figure 1a,b), according to previous work.26,33 Concerning
OxBi(1), phase identiﬁcation was made thanks to results
obtained by Tortet et al.26 who reﬁned the lattice constants of a
hexagonal cell (a = 9.932 Å and c = 14.635 Å) for the
heptahydrated bismuth oxalate Bi2(C2O4)3·7H2O. Additional
lines (2θ = 20.6°, 25.6°, 27.4°, 33.5°, 36.1°, 37.2°, and 39.9°),
not reported by Tortet et al.,26 were also assigned to the
Bi2(C2O4)3·7H2O compound, based on the reported lattice
parameters. For OxBi(2), results are consistent with data from
Rivenet et al.33 who solved the bismuth oxalate hydroxide
Bi(C2O4)OH structure from single crystals (orthorhombic cell,
space group Pnma, a = 6.0853 Å, b = 11.4479 Å, and c = 5.9722
Å, ICSD 419313) and also from Tortet et al.26 who reﬁned cell
parameters from powder XRD measurements (orthorhombic
cell, a = 11.427 Å, b = 6.072 Å, and c = 5.971 Å). So we were
able to assign the formulas Bi2(C2O4)3·7H2O and Bi(C2O4)-
OH, respectively, to our samples OxBi(1) and OxBi(2).
IR spectra of OxBi(1) and OxBi(2) are similar (Figure 1c,d).
The results are in agreement with works reported in the
literature.25,26,43 They are given in Table 1. The bands between
3700 and 2500 cm−1 are ascribed to νO−H stretching modes.
Between 1710 and 700 cm−1, we ﬁnd the characteristic signals
of the oxalate anion C2O4
2− and Bi−O bond vibrations. For
OxBi(2), Tortet et al.26 assigned some bands, which are not
present in OxBi(1) spectrum, to vibration modes related to Bi−
O−H entities in the Bi(C2O4)OH compound: νBi−O−H
stretching modes (2740 and 2160 cm−1) and a δBi−O−H in-
plane bending mode (1084 cm−1). The hydroxyl group was
thereafter described by Rivenet et al.33 in the Bi(C2O4)OH
structure.
The morphology determination by SEM imaging allowed to
verify the product homogeneity and the accordance with
previous observations reported in the literature.21,22,26−29 The
particles from OxBi(1) sample are aggregates of nearly
hexagonal ﬂakes with 5−10 μm dimensions (Figure 1e). The
OxBi(2) powder is made of bundles of 2−3 μm long needle-
shaped particles (Figure 1f).
Thermal Study. The understanding of the thermal behavior
of the diﬀerent bismuth oxalates was based on results from
several techniques: thermogravimetry coupled with diﬀerential
thermal analysis (in air, N2 and H2 atmospheres), TDXRD (in
air and N2), SEM, and FEG-SEM imaging of intermediate and
ﬁnal products obtained under oxygen-free atmospheres.
Thermal decomposition of Bi2(C2O4)3·7H2O and Bi(C2O4)-
OH under nitrogen and hydrogen has not been reported yet in
literature.
Thermal Behavior of OxBi(1). In Air. On the thermogram
recorded in air (Figure 2a), oxalate dehydration, which is
endothermic, occurs in two steps between 30 and 220 °C. The
ﬁrst one corresponds to the departure of ﬁve water molecules,
and the second one corresponds to the departure of the
remaining two water molecules, as Tortet et al. explained.26
Above 220 °C, a more important weight loss, associated with
two exothermic peaks, corresponds to the decomposition of
anhydrous bismuth oxalate Bi2(C2O4)3 into bismuth oxide
Bi2O3. Global weight variation of 42.2% is close to the
theoretical value (42.33%). Temperature-dependent XRD
measurements allowed us to follow the thermal decomposition
stages of the bismuth oxalate (Figure 2c). OxBi(1) X-ray
diﬀraction pattern changes from room temperature to 200 °C,
which means that dehydration has an inﬂuence on compound
crystal structure. Anhydrous bismuth oxalate obtained at 200
°C does not display well-deﬁned diﬀraction peaks. It can then
be assumed to be very badly crystallized. This observation was
also reported by Tortet et al.26 Tetragonal β-Bi2O3 XRD
pattern (JCPDS 27−0050) is visible at 250 °C, which conﬁrms
older results40 about the decomposition of anhydrous bismuth
oxalate into the metastable bismuth oxide form, usually
observed at high temperature by cooling the cubic δ-Bi2O3
phase.44,45 Then, another transition is observed between 350
and 400 °C, from β-Bi2O3 to the stable monoclinic α-Bi2O3
form (JCPDS 70−8243), which was previously reported.33,40
Depending on the ﬁnal temperature of the heat treatment
(Figure S1), we were able to stabilize the β form at room
temperature. A ﬁnal phenomenon, which is not displayed on
Figure 2c, occurs between 700 and 740 °C. It is the transition
from the monoclinic α-Bi2O3 phase to the high-temperature
cubic δ-Bi2O3 phase (JCPDS 74−1633), also revealed by a
Table 1. IR Data for OxBi(1) and OxBi(2)26
wavenumber (cm−1)
IR vibration mode OxBi(1) OxBi(2)
νO−H stretching 3275 3370
combination 1584 + 1299 =
2883
1574 + 1296 =
2870
νBi−O−H stretching 2740
2160
νCO stretching 1686 (shoulder) 1707
1584 1574
νC−O and νC−C stretching 1457 1463
1340 1352
νC−O stretching and δO−CO
bending
1299 1296
δBi−O−H in plane bending 1084
νC−O stretching and δO−CO
bending
909 902
δO−CO bending and νBi−O
stretching
792 790
small endothermic peak (736 °C) in the TGA/DTA experi-
ment (Figure 2). The study of the cooling part (Figure S2 and
Figure S3a) highlighted two well-known phase transitions of
Bi2O3:
44,45 a δ-Bi2O3 to β-Bi2O3 transition (revealed by
HTXRD at ∼650 °C and an DTA exothermic peak at 658
°C) and a β-Bi2O3 to α-Bi2O3 transition (revealed by HTXRD
at ∼550 °C and by DTA at 531 °C).
In Nitrogen. The thermal behavior of OxBi(1) under
nitrogen can be understood as follows. A ﬁrst weight loss
(11.0%), which does not appear on the thermogram, occurs
during the vacuum purge (∼1 × 10−2 mbar) performed before
ﬁlling the furnace with inert gas. It is assigned to the departure
of ﬁve water molecules (theory: 11.1%). A second loss (5.0%)
is recorded between 100 and 215 °C (Figure 2b),
corresponding to the departure of the remaining two water
molecules. Again, the dehydration phenomenon is endother-
mic. Between 215 and 250 °C, a more important weight loss of
32.4% is assigned to the exothermic decomposition of
anhydrous bismuth oxalate Bi2(C2O4)3 into metallic bismuth.
The exothermic nature of the decomposition is not in
agreement with the DTA results reported by Dollimore et
al.38 from a commercial bismuth oxalate with the formula
Bi2(C2O4)3·4H2O. The sharp exothermic peak observed at 236
°C in Figure 2c does not seem to be related to the CO
oxidation into CO2, already mentioned in the literature,
26,46 but
rather a crystallization process, due to the temperature-
dependent growth of small bismuth particles formed at the
beginning of the decomposition. Indeed, the CO2 departure
peak related to the bismuth oxalate decomposition is oﬀset
from the crystallization supposed peak (inset in Figure 2c). The
global weight loss of 48.4% is quite close to the calculated value
for the decomposition of heptahydrated bismuth oxalate into
pure metallic bismuth (48.27%). So we can suggest the
following equation for the global decomposition reaction in
nitrogen: Bi2(C2O4)3·7H2O → 2 Bi + 6 CO2 + 7 H2O. A
further endothermic peak is ascribed to the melting of bismuth.
The peak broadness (264−272 °C) suggests a few degrees
melting range, but the values can be assimilated to a bismuth
bulk behavior (Tm = 271.4 °C
8). The metallic nature of the
decomposition product was conﬁrmed by XRD. The diﬀraction
pattern was in accordance with the JCPDS ﬁle 85−1329
(Figure 3a). It was also revealed that samples that were heated
above the bismuth melting point were subjected to a partial
oxidation (Figure 3b). Additional diﬀraction peaks were
assigned to β-Bi2O3, although no signiﬁcant weight gain was
noted on the thermogram above the melting temperature. This
may be understood as an increase of the bismuth sensitivity to
surface oxidation due to the liquid state. It means that the inert
Figure 2. TG-DTA-IR data for OxBi(1) in air (a) and N2 (b); TDXRD patterns for OxBi(1) in air (c) and N2 (d).
atmosphere is not totally free of oxygen. It was observed in
temperature-dependent XRD measurements that, from room
temperature to 200 °C, OxBi(1) X-ray diﬀraction pattern is the
same in nitrogen as in air (Figure 2d). The same badly
crystallized compound is obtained after dehydration. At 225 °C,
the metallic bismuth diﬀraction peaks conﬁrm that OxBi(1)
decomposes into metal particles under an inert atmosphere. At
∼270 °C, the metal peak intensity strongly decreases, and small
β-Bi2O3 peaks show the beginning of a temperature-dependent
bismuth oxidation phenomenon. At 275 °C, the bismuth XRD
pattern is not visible anymore, which conﬁrms the metal
melting measured by DTA (Figure 2d). Only the bismuth oxide
diﬀraction peaks can be seen, getting more intense with
temperature because of the increasing oxidation kinetics. SEM
imaging allowed to follow the OxBi(1) morphological evolution
during its thermal decomposition (Figure 4). OxBi(1) samples
were heated in nitrogen at diﬀerent temperatures then cooled
before being observed. It was ﬁrst found that the oxalate
particle morphology is not modiﬁed by dehydration. The
decomposition product obtained at 250 °C in N2 is made of a
porous and microstructured bismuth network (Figure 4b).
When the sample was heated above the bismuth melting point,
the decomposition product was made of shiny metallic rounded
particles with dimensions varying between 50 and 200 μm
(Figure 4c).
In Hydrogen. TG-DTA data obtained under pure hydrogen
for OxBi(1) was quite similar to the one under nitrogen. The
decomposition temperature and the total weight loss are the
same as those described above. Nevertheless, the reducing
atmosphere allows to get a pure metallic product without traces
of bismuth oxide, regardless of the maximum temperature
treatment.
Thermal Behavior of OxBi(2). In Air. Regarding OxBi(2)
thermogram in air (Figure 5), a ﬁrst slight weight loss is
recorded between 30 and 215 °C, before the decomposition
into Bi2O3 between 215 and 300 °C, associated with an
exothermic peak. The global weight loss (25.8%) is equal to the
theoretical value. For samples treated at 300 and 400 °C, the
solid products were, respectively, the β (tetragonal, metastable)
and α (monoclinic, stable at room temperature) polymorphs of
Bi2O3, as described before in the study of the thermal behavior
of OxBi(1). Monnereau et al.40 already noticed the possibility
to stabilize the β-Bi2O3 phase (generally observed at high
temperature), by decomposition of both bismuth oxalates
described here. Rivenet et al.33 assigned a small exothermic
peak to the transition from β-Bi2O3 to α-Bi2O3 during the TGA
of Bi(C2O4)OH in air. This peak did not seem to be present in
our work. Another endothermic peak was recorded at 736 °C
(Figure 5). It is ascribed to the phase transition from α-Bi2O3 to
δ-Bi2O3. A TDXRD study of Bi(C2O4)OH in air was already
reported by Rivenet et al.33 They proposed the following
reaction: Bi(C2O4)OH → β-Bi2O3 → α-Bi2O3 → δ-Bi2O3. It
was conﬁrmed in the present work (Figure 5c). The α-Bi2O3 to
δ-Bi2O3 transition between 700 and 730 °C is not displayed on
the ﬁgure. The study of the cooling part highlighted the same
two phase transitions as for OxBi(1): δ-Bi2O3 to β-Bi2O3
(between 700 and 600 °C) and β-Bi2O3 to α-Bi2O3 (between
600 and 500 °C), already demonstrated by DTA (Figure S3b).
In Nitrogen. Concerning the OxBi(2) thermogram in
nitrogen, a ﬁrst very slight weight loss is observed between
30 and 230 °C, before the endothermic bismuth oxalate
decomposition between 230 and 320 °C. The global mass
variation (29.3%) is lower than the theoretical value (33.44%)
for the decomposition of bismuth oxalate hydroxide into
metallic bismuth. The reason for this diﬀerence was determined
by XRD. Indeed, the metallic product of thermal decom-
position proved to be partially oxidized, even at temperatures
below the bulk bismuth melting point (271 °C). It can be
noticed that no endothermic phenomenon is observed at ∼271
°C, where we could expect the melting of bismuth. This could
be explained by a lowered melting point of the metallic product
due to the very small size of ﬁrst bismuth particles. Knowing
that the metal oxalate decomposition begins with the formation
of metallic nanoparticles,5,36 we could explain this early liquid
Figure 3. XRD patterns of OxBi(1) decomposition products in N2:
below the bismuth melting point (a) and above the bismuth melting
point (b). Bi, JCPDS 85−1329 (c), β-Bi2O3, JCPDS 27−0050 (d).
Figure 4. OxBi(1) thermal decomposition steps in N2: before decomposition (a); after decomposition into bismuth at 250 °C (b); after bismuth
melting at 300 °C (c).
state of bismuth by the size dependency of the melting
temperature.47 The presence of bismuth oxide in the
decomposition product without heating above 271 °C also
conﬁrms this noteworthy behavior, because it was previously
noticed that molten bismuth is more likely to oxidize. The ﬁnal
mixture of Bi and β-Bi2O3 was also obtained by Monnereau et
al.40 with the same bismuth oxalate in vacuum. We can likewise
bring these results closer to those obtained by Dollimore et
al.38,39 with a commercial bismuth oxalate. Indeed, they
reported an endothermic decomposition without any bismuth
melting peak as well as a mixture of bismuth and bismuth oxide
as the decomposition product. These results being similar to
ours, we could presume that the commercial sample they
decomposed at the time was of type Bi(C2O4)OH and not
Bi2(C2O4)3·4H2O as ascribed by the authors. So we can suggest
the following equation for the global decomposition reaction in
nitrogen: 6 Bi(C2O4)OH → 4 Bi + Bi2O3 + 12 CO2 + 3 H2O.
TDXRD data in N2 (Figure 5d) allowed to clarify the TG-DTA
results for OxBi(2). At 240 °C, the Bi(C2O4)OH XRD pattern
has almost disappeared, and it is possible to discern two bumps
between 26° and 33°, where we could expect bismuth and
bismuth oxide peaks: Bi(100), β-Bi2O3 (201), β-Bi2O3 (002),
and β-Bi2O3 (220). The bumps start being replaced by three
better-deﬁned β-Bi2O3 peaks from 270 °C, and these peaks get
more intense with increasing temperature. It is important to
note that no metallic Bi diﬀraction peak is visible during the
heating part. However, ﬁrst signals related to rhombohedral
metallic bismuth appear at 190 °C by cooling the sample
(Figure S6). This temperature can be assigned to the bismuth
solidiﬁcation point, which is consistent with the exothermic
phenomenon measured at 185 °C by DTA (Figure S4b). These
results mean that the OxBi(2) decomposition mechanism in an
inert atmosphere implies the reaction from solid bismuth
oxalate to liquid metallic bismuth. The nanosized bismuth
product partially oxidizes as soon as it is formed, due to its
enhanced surface reactivity and the residual oxygen partial
pressure. Although no bismuth melting signal can be measured
during the heating, the study of the cooling part allowed to
highlight the crystallization phenomenon and conﬁrm that
bismuth was melted before. To corroborate these assumptions
about an early melting behavior due to particle size depend-
ency, an additional TDXRD experiment was performed (Figure
6) with a maximal temperature of 250 °C (21 °C below the
bismuth bulk melting point). The same behavior was observed:
no Bi diﬀraction peak was visible until the product of
decomposition was cooled. The metal diﬀraction pattern
Figure 5. TG-DTA data for OxBi(2) in air (a) and N2 (b); TDXRD pattern for OxBi(2) in air (c) and N2 (d).
appears at 180 °C. The β-Bi2O3 diﬀraction pattern is slightly
visible but much less deﬁned than for the experiment with a
higher maximum temperature (Figure 5d and Figure S6),
because the bismuth oxidation depends on temperature and
time. Although the metal is molten during the OxBi(2) thermal
analyses, the ﬁnal decomposition product is a powder. Because
of the partial oxidation of the freshly formed bismuth
nanoparticles, the molten metallic material does not form a
single drop but can be understood as a set of nanodroplets,
each one being covered by a solid oxide shell that prevents the
metal from coalescence at low temperature. A similar behavior
has been reported with bismuth nanowires48 that were annealed
at 300 °C and maintained their morphology due to a thin
protective oxide layer encasing the molten metal. In a bismuth−
ceramic nanocomposite, Meitl et al.49 also noticed the
persistence of the bismuth nanostructure after melting and
freezing. Another TG-DTA experiment with several successive
heating cycles was performed to support this idea. The results
will be discussed at the end of this work.
To explain the thermal properties diﬀerences among the
metallic products obtained from OxBi(1) and OxBi(2)
decomposition, it is possible to compare the thermal behavior
of the two bismuth oxalates (Figure 7). On the one hand, the
thermal events related to OxBi(1) decomposition and bismuth
melting are clearly distinct. On the other hand, the OxBi(2)
decomposition in nitrogen is not even complete at the bulk
bismuth melting point, because there is a small weight loss
(∼2%) from 265 to 320 °C in addition to the main variation
(Figure 5b). The TG-DTA experiments revealed there is a
temperature shift between the decomposition processes of the
two studied compounds (∼20 °C at the beginning and 70 °C at
the end). The endothermic character and the higher temper-
ature for the OxBi(2) decomposition must be related to the
hydroxyl group, which is present in the Bi(C2O4)OH
structure,33 contrary to the OxBi(1) compound. Indeed, it
was found that the bismuth hydroxide Bi(OH)3 decomposition
is endothermic and begins at 390 °C.50 No bismuth melting
peak can be seen in TG-DTA data for OxBi(2) at ∼271 °C,
because bismuth nanoparticles produced from the OxBi(2)
decomposition are already melted but also separated from each
other by protective bismuth oxide shells that prevent them
from coalescing. The thermal closeness between OxBi(2)
decomposition and bismuth melting must be responsible for
the thermal events overlapping; thus, the Bi(C2O4)OH
decomposition into liquid bismuth is accompanied by a single
intense endothermic peak (Figure 7).
In Hydrogen. During the TG-DTA experiment with
OxBi(2) in pure hydrogen, a larger weight loss (32.8%) was
measured compared to the one in nitrogen (29.3%). The ﬁnal
decomposition product consisted of quite big shiny metallic
balls (200−300 μm diameter), and the XRD analysis conﬁrmed
it was pure bismuth contrary to the study in nitrogen. The
comparison of the OxBi(2) decomposition products under
nitrogen and hydrogen made it possible to demonstrate the
consequences of the surface oxidation on the bismuth particle
ability to coalesce.
Melting/Solidiﬁcation Measurements in N2. To measure
the bismuth nanoparticle melting and solidiﬁcation points, we
tried to rely on the fact that the surface oxidation maintains the
nanoparticles isolated from each other. If the temperature is not
raised too much above the bismuth melting point, this oxide
shell allows the nanoparticles to keep the thermal properties
related to their size when cooled. In a single TG-DTA
experiment in N2, an OxBi(2) sample was heated and cooled
eight times. The maximum programmed temperature was
increased by 10 °C at each cycle and varied from 240 to 310 °C
to study the heat treatment temperature-dependency of the
particle size (Figure 8 and Table 2). It was possible to measure
a ﬁrst solidiﬁcation temperature in cycle No. 3 (Ts = 168.0 °C)
and a ﬁrst melting temperature in cycle No. 4 (Tm = 254.0 °C).
The ﬁrst measurable exothermic crystallization peak suggests
that bismuth melting already occurred during the heating part
of cycle No. 3. The associated DTA event could be the slight
signal that is noticeable at ∼251 °C (Figure 8a). First, it can be
seen that the measured melting temperatures are lower than the
bulk bismuth value. It is also important to note that the melting
and solidiﬁcation temperatures increase after each heating/
cooling cycle. On the basis of the size-dependent melting
model for nanoparticles,47,51 it means that the OxBi(2) metallic
decomposition product is nanosized and also that the particle
size increases progressively due to successive heating. Limmer
Figure 6. TDXRD pattern for OxBi(2) in nitrogen with maximum
temperature of 250 °C. Decomposition products patterns were
indexed: (deg) Bi, JCPDS 85−1329 ; (∗) β-Bi2O3, JCPDS 27−0050.
Figure 7. DTA comparison between OxBi(1) (a) and OxBi(2) (b) in
N2.
et al.48 similarly reported that the annealing of bismuth
nanowires leads to both grain growth and morphology
retention, because the bismuth oxide shell prevents the molten
metal from coalescence if the sample is not heated too much
above the melting point. Starting from the measurement of
melting points, we were are able to estimate the mean bismuth
particle size in the decomposed OxBi(2) sample at diﬀerent
stages of the experiment. The melting-point depression
phenomenon has already been studied for small bismuth
particles.3,47,51−54 Most models that are used to describe the
size dependency of nanoparticle melting point have the
following form:47
ρ
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where Tm(r) is the size-dependent bismuth melting temper-
ature, Tm
bulk is the bulk bismuth melting temperature, Hm
bulk is the
bulk latent heat of fusion, ρs is the density of the solid phase,
and α is a parameter depending on the melting model. The
homogeneous melting model (HMM) can be applied for
bismuth nanoparticles.47,55 It supposes a complete melting
when Tm is reached, without any surface premelting process. So
the parameter αHMM is expressed as follows:
α σ σ
ρ
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where σSV is the energy of the solid−vapor interface, σLV is the
energy of the liquid−vapor interface, and ρL is the density of
the liquid phase. The data listed in Table 3 were used to
calculate the values of αHMM and A: αHMM = 182 mJ/m
2 and A
= 390 nm·K. The use of the model and the experimental values
of the melting temperature allowed to estimate the particle size
value and its evolution with heat cycling in the last TG-DTA
experiment (Figure 9): the mean bismuth nanoparticle size
would vary between 19 and 77 nm. The crystallite size
evolution as a function of treatment temperature was conﬁrmed
by applying the Scherrer equation to the peak broadening of
bismuth (104) line (2θ = 38.0°). This peak does not overlap
with any other bismuth or bismuth oxide peak. OxBi(2)
samples treated at 250 °C (Figure 6), 280 °C (Figure 5d), and
310 °C (Figure 8, cycle No. 8) resulted in diﬀerent peak widths
that allow to estimate crystallite sizes of 30, 45, and 90 nm,
respectively. This result conﬁrms that the bismuth nano-
crystallite size increases with treatment temperature without
reaching the bulk scale. The values are quite consistent with
those calculated by the size-dependent melting model, knowing
that it is the particle radius that is considered in the Equation 1.
As a comparison between the metallic products obtained from
the two diﬀerent bismuth oxalates, the Scherrer equation
allowed to estimate the crystallite size at 75 nm for OxBi(1)
samples treated at 250 °C (Figure 4b), while no peak
broadening is noted for samples treated above bulk bismuth
melting point (Figure 4c). Although the bismuth melting-point
depression is known to be mainly due to particle size,49,53,54
Equation 1 was used in this work as a ﬁrst approximation for
size prediction. The interaction between the metal and the
substrate is neglected in the HMM model. The Bi/Bi2O3
interface, which explains the conﬁnement of bismuth nano-
particles in this work, is not considered in the equation. Several
studies on the melting of nanostructured bismuth embedded in
various materials (metal,54 metallic glass,56 ceramic,49 poly-
Figure 8. OxBi(2) DTA data for thermal cycling in nitrogen: heating
(a) and cooling (b). (1) Tmax = 240 °C; (2) Tmax = 250 °C; (3) Tmax =
260 °C; (4) Tmax = 270 °C; (5) Tmax = 280 °C; (6) Tmax = 290 °C; (7)
Tmax = 300 °C; (8) Tmax = 310 °C.
Table 2. OxBi(2) TG-DTA Data for Thermal Cyclinga in
Nitrogen
cycles Tmax (°C) weight loss (%) Tm (°C) Ts (°C)
1 240 2.22
2 250 11.62
3 260 15.18 251b 168.0
4 270 0.71 254.0 174.8
5 280 0.59 255.0 182.9
6 290 0.69 258.0 (212.6) 187.9
7 300 0.35 263.1 186.9
8 310 0.16 266.3 187.0
aTmax: maximum temperature of the cycle. Tm: bismuth extrapolated
onset melting-point temperature. Ts: bismuth extrapolated onset
solidiﬁcation temperature. bEstimated temperature.
Table 3. Bismuth Data for Melting-Point Depression
Model47,53
Tm
bulk Hm
bulk σSV σLV ρs ρL
271.4 °C 51.9 J/g 550 mJ/m2 375 mJ/m2 9.8 g/cm3 10.1 g/cm3
Figure 9. Estimation of bismuth nanoparticle size from the melting-
point depression model and experimental melting-temperature
measurements. Solid line: calculated from Equation 1; black dashed
line: bulk melting point.
mer57) have been reported. The matrices allow to prevent
nanoparticle coalescence and to repeat melting measurements.
The hypothetical inﬂuence of the interface between the low-
melting bismuth and the surrounding material was not clearly
evidenced, and the melting behavior deviated from bulk was
ascribed to size-dependency. However, size-dependent melting
models that include the matrix factor have already been
proposed for nanocrystals.58 In our case, more work is needed
to clarify the Bi/Bi2O3 interface factor. An OxBi(2) sample was
partially decomposed by stopping the thermal treatment at a
maximum temperature of 240 °C. SEM-FEG observations
allowed to reveal bismuth nanoparticles from the beginning of
the oxalate precursor decomposition (Figure 10). On Figure
10a, the needlelike morphology of the oxalate can be
recognized, and small bright bismuth particles (a few
nanometers in size) can be seen on the surface. Figure 10b
shows more clearly some bigger metal particles (20 to 30 nm).
■ CONCLUSIONS
Two diﬀerent bismuth oxalates were synthesized, and the
atmosphere impact on their thermal decomposition products
was investigated. The results obtained in air were in accordance
with literature. New data are provided on the bismuth oxalate
thermal behavior in inert atmospheres. The metallic decom-
position products and their melting properties were studied.
The most signiﬁcant ﬁnding to emerge from this study is the
low-temperature liquid state of the nanosized metallic product
obtained from Bi(C2O4)OH. DTA measurements allowed to
conﬁrm the bismuth melting-point depression and to highlight
that the metal is already melted when bismuth oxalate starts to
decompose. Bi(C2O4)OH was partially decomposed to
emphasize the nanoparticle production process. Multiple heat
treatments in nitrogen revealed that nanoparticle size increased
with heating temperature. However, the surface oxidation
allowed the bismuth nanoparticles to stay conﬁned and
prevented them from very quick and complete coalescence
above the metal melting point. The size-dependent melting
model and the X-ray diﬀraction line broadening were used to
estimate the bismuth particle size evolution. On the one hand,
these results clearly show that the melting temperature of
metallic bismuth, covered by a very thin oxide layer, is strongly
dependent to the crystallite size when it is lower than 100 nm.
On the other hand, the particle growth easily occurred in
hydrogen, without any oxidation phenomenon, until the bulk
bismuth melting properties were reached. The knowledge
gained from this work on the lowering of the melting point of
bismuth may be useful for the development of materials for
low-temperature soldering.
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Wiss. Zu Goẗt. Math.-Phys. Kl. 1918, 98−100.
(42) Cullity, B. D.; Stock, S. R. Elements of X-ray Diﬀraction; Prentice-
Hall, 2001.
(43) Diez, E.; et al. Synthesis of bismuth (III) oxide from oxalate: A
study by controlled transformation rate thermal analysis (CRTA). J.
Optoelectron Adv. Mater. 2000, 2, 552−556.
(44) Medernach, J. W.; Snyder, R. L. Powder Diffraction Patterns and
Structures of the Bismuth Oxides. J. Am. Ceram. Soc. 1978, 61, 494−
497.
(45) Harwig, H. A.; Gerards, A. G. The polymorphism of bismuth
sesquioxide. Thermochim. Acta 1979, 28, 121−131.
(46) Dollimore, D. The thermal decomposition of oxalates. A review.
Thermochim. Acta 1987, 117, 331−363.
(47) Olson, E. A.; Efremov, M. Y.; Zhang, M.; Zhang, Z.; Allen, L. H.
Size-dependent melting of Bi nanoparticles. J. Appl. Phys. 2005, 97,
034304.
(48) Limmer, S. J.; Yelton, W. G.; Erickson, K. J.; Medlin, D. L.;
Siegal, M. P. Recrystallized Arrays of Bismuth Nanowires with
Trigonal Orientation. Nano Lett. 2014, 14, 1927−1931.
(49) Meitl, M. A.; Dellinger, T. M.; Braun, P. V. Bismuth−Ceramic
Nanocomposites with Unusual Thermal Stability via High-Energy Ball
Milling. Adv. Funct. Mater. 2003, 13, 795−799.
(50) Hobosyan, M. A.; Yolchinyan, S. A.; Martirosyan, K. S. A novel
nano-energetic system based on bismuth hydroxide. RSC Adv. 2016, 6,
66564−66570.
(51) Zou, C. D.; Gao, Y. L.; Yang, B.; Zhai, Q. J. Melting and
undercooling of bismuth nanocrystals by solvothermal synthesis. Phys.
B 2009, 404, 4045−4050.
(52) Peppiatt, S. J. The Melting of Small Particles. II. Bismuth. Proc.
R. Soc. London, Ser. A 1975, 345, 401−412.
(53) Allen, G. L.; Bayles, R. A.; Gile, W. W.; Jesser, W. A. Small
particle melting of pure metals. Thin Solid Films 1986, 144, 297−308.
(54) Goswami, R.; Chattopadhyay, K. Melting of Bi nanoparticles
embedded in a Zn matrix. Acta Mater. 2004, 52, 5503−5510.
(55) Pavlovska, A.; Dobrev, D.; Bauer, E. Surface melting versus
surface non-melting: an equilibrium shape study. Surf. Sci. 1993, 286,
176−181.
(56) Goswami, R.; Chattopadhyay, K. Depression of melting point of
multidomained bismuth in aluminum based metallic glass nano-
composites. Appl. Phys. Lett. 1996, 69, 910−912.
(57) Liu, M.; Wang, R. Y. Size-Dependent Melting Behavior of
Colloidal In, Sn, and Bi Nanocrystals. Sci. Rep. 5, 2015.
(58) Shi, F. G. Size dependent thermal vibrations and melting in
nanocrystals. J. Mater. Res. 1994, 9, 1307−1314.
 S1
 
Supporting Information 
Bi2(C2O4)3.7H2O and Bi(C2O4)OH Oxalates Thermal Decomposition Revisited. 
Formation of Nanoparticles with a Lower Melting Point than Bulk Bismuth 
Pierre Roumanille
1,2*
, Valérie Baco-Carles
2
, Corine Bonningue
2
, Michel Gougeon
2
, Benjamin 
Duployer
2
, Philippe Monfraix
1
, Hoa Le Trong
1
, Philippe Tailhades
2 
1
Institut de Recherche Technologique (IRT) Saint Exupéry, 118 route de Narbonne, CS 44248, 
31432 Toulouse Cedex 4, France 
2
Institut Carnot Chimie Balard Cirimat, UMR CNRS 5085, Université de Toulouse, CNRS, 
INPT, UPS, Université Toulouse 3 Paul Sabatier, 118 route de Narbonne, 31062 Toulouse Cedex 
9, France 
 
Contents 
 
α, β and δ-Bi2O3 XRD patterns Fig. S1-S2 
DTA cooling data in air and nitrogen Fig. S3-S4 
TDXRD cooling data in nitrogen Fig. S5-S6 
 
 S2
20 30 40 50 60
++ + +
+
+
+
+
+
+
+
+ + + +
+
+ + +
+ +
+ +
+
+
+ + + + +
+
+ +
+
+
+ + + + + +
(b)
(a)
In
te
n
s
it
y
 (
a
.u
.)
2θ (°)
* *
*
*
*
*
*
*
*
*
** * *
  
Figure S1. XRD patterns of bismuth oxide products obtained from bismuth oxalate decomposition: samples treated 
at 400°C, (
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Figure S2. TDXRD pattern for bismuth oxalate in air - cooling part : δ-Bi2O3, (°) JCPDS 74-1633 (a) ;  β-Bi2O3, (*)
 
JCPDS 27-0050 (b) ;  α-Bi2O3, (
+
) JCPDS 70-8243 (c) 
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Figure S3. DTA data for cooling in air: OxBi(1) (a) ; OxBi(2) (b) 
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Figure S4. DTA data for cooling in nitrogen: OxBi(1) (a) ; OxBi(2) (b) 
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Figure S5. TDXRD pattern for OxBi(1) in nitrogen – cooling part. (°) Bi, JCPDS 85-1329 ; (*) β-Bi2O3, JCPDS 27-
0050 
 S6
10 20 30 40
*
*
*
190°C
**
*
170°C
280°C
180°C
200°C
100°C
In
te
n
s
it
y
 (
a
.u
.)
2θ(°)
RT
* *
*
* *
*
**
*
**
**
**
°°°
°
°°
°°°
°
°°
°°°
°
°°
°°°
°
°°
° ° °
 
Figure S6. TDXRD pattern for OxBi(2) in nitrogen – cooling part, (°) Bi, JCPDS 85-1329 ; (*) β-Bi2O3, JCPDS 27-
0050 
 
